Dopamine (DA) system plays critical roles in many aspects of brain function. Abnormal dopaminergic activity is closely related to Parkinson's disease, schizophrenia, drug addiction and other neurological and psychiatric disorders. Postsynaptic density (PSD)-95, a scaffolding molecule, enriched at glutamatergic synapses, is found to have important functions in the modulation of clustering of several neurotransmitter receptor, adhesion molecules, ion channels, cytoskeletal elements and signaling molecules at postsynaptic areas. In this review we will highlight the role of PSD-95 in the interaction and regulation of DA receptors. We will also discuss the importance of PSD-95 in the regulation D1 and N-methyl-D-aspartate (NMDA) receptor functional coupling.
Introduction
The dopaminergic system comprises three principal neuronal pathways: the nigrostriatal, the mesocorticolimbic, and the tuberoinfundibular, which play important roles in many of brain function [1] . The dopamine (DA) elicits its roles via DA receptors. Five subtypes of mammalian dopamine receptors have been identified and are grouped into two classes: D 1 -like receptor (D1, D5) and D2-like receptor (D2, D3, and D4). In response to stimulation, perisynaptic DA receptors undergo a different pattern of agonist-induced internalization in comparison with extrasynaptic DA receptors [2] . Given the unique structure of postsynaptic density (PSD) and its roles in the modulation of neurotransmission [3] , it is reasonable to speculate that the PSD may underlie the different response in DA receptor internalization between perisynaptic and extrasynaptic areas. PSD-95 protein is enriched in PSD, and the direct interactions of PSD-95 with NMDA, 5-HT receptors were found to be an essential mechanism for PSD-95-regulated function of these receptors [4] . Recent information indicates that PSD-95 is also physically associated with DA receptors and this association alters DA receptor signaling and DA receptor-NMDA receptor functional coupling [5] [6] [7] [8] [9] . PSD-95-regulated other neurotransmitter receptors have been discussed in other excellent reviews [4, 10, 11] . Here we will only discuss the interaction between PSD-95 and DA receptors and the functional coupling between DA and NMDA receptors.
PSD-95, a major scaffolding molecule and neurotransmission modulator enriched at PSD
PSD-95 is a prototypical scaffolding protein highly enriched in the PSD area and belongs to the membrane-associated guanylate kinase (MAGUK) family, which contains three PSD-95, Dlg, ZO-1 homology (PDZ) domains, a Src-homology-3 (SH3) domain, and a region homologous to yeast guanylate kinase (GK region) [4, 12] . It is now clear that the proteins of PSD-95 family not only act as anchor proteins, but also function as important modulators of signaling [3, 13] . PSD-95 is located close to the postsynaptic membrane, and which can be labeled by PSD-95-specific antibodies from both the extracellular and cytoplasmic faces. The unique anatomical location makes it in a good position to interact with postsynaptic membrane proteins such as receptors, ion channels, cell adhesion molecules, and cytoplasmic proteins at the postsynaptic area. In this way, PSD-95 could regulate the surface delivery, endocytosis, subcellular location, subunit composition and even intrinsic functional properties of targeted proteins or receptors [4] . Moreover, abnormal PSD-95 expression has been implicated in Parkinson's disease and schizophrenia and is believed to contribute to abnormal neurotransmission in these diseases [14-16].
PSD-95 interacts with dopamine receptors physically
DA receptors are members of the G-proteincoupled receptor (GPCR) family. Abnormal dopaminergic activity is closely associated with Parkinson's disease, schizophrenia, drug addiction [8, 17, 18] . D1-like receptors are coupled to Gs/Golf, which stimulate adenylate cyclase to produce the intracellular second messenger cAMP, and regulate the protein kinase A (PKA)/dopamine and cAMP-regulated phosphoprotein-32 (DARPP-32)/protein phosphatase 1 (PP1) pathway [18] [19] [20] [21] [22] , whereas D2-like receptors are coupled to Gi/Go, resulting in the inhibition of adenylate cyclase.
Anatomically, the majority of D1 receptors are localized in both perisynaptic and extrasynaptic areas of medium spiny neuron [23, 24] and cortical pyramidal neurons [25] [26] [27] . Two studies reported that PSD-95 physically associates with DA receptors [7, 8] . In PSD-95 and D1 receptor co-transfected HEK293T cells and in mouse and rat brains, PSD-95 is co-immunoprecipitated with D1 receptor. This is further supported by the data of using immunofluorescence confocal microscopy and special fluorescence resonance energy transfer (spectral FRET) assays in transfected HEK293 cells. Several protein-protein interaction motifs of PSD-95 such the PDZs, the SH3, and the GK domains are well characterized s [4] . A region not previously known to be involved in protein-protein interaction, the NH 2 terminus of PSD-95, was first identified to interact with Src [28] . Similarly, the NH 2 terminus of PSD-95 was found critical for the interaction with D1 receptor. Moreover, Sun et al. [8] further found that the PDZ domain is also required for this interaction. As to the D1 receptor, previous studies showed that intracellular loops and carboxyl tail of D1 receptor, containing putative protein-protein interaction domains, are important for intracellular signaling [29] [30] [31] . The interacting site of D1 receptor with PSD-95 is found to be mediated by the COOH-terminal tail of D1 receptor [7, 8] . Of interesting, administration of the D1 receptor agonist, SKF38393, resulted in a transient increase in the association between D1 receptor and PSD-95 both in cultured cells and in rat brain, This may indicate that the agonist-modulated conformation of D1 receptor could make the receptor more accessible for PSD-95 binding [8] . However, the precise mechanism underlined dynamic changes in PSD-95 and D1 receptor association and the pursuant functional implication upon D1 receptor stimulation is still unknown. In addition to D1 receptor, D2 and D5 receptors were also found constitute interactions with PSD-95 [8] . This may indicates a global role of PSD-95 interacting DA receptors.
PSD-95 regulates D1 receptor recycling
It was reported that disrupting the interaction between PSD-95 and D1 receptor enhances D1-mediated behaviors. This indicates that functional significance of the interaction. Using genomewide microarray profiling of striatal transcripts from either genetic or pharmacological mouse models, PSD-95 was identified as a regulator of dopamine-mediated synaptic and behavioral plasticity [5] . For instance, in dopamine transporter (DAT), norepinephrine transporter (NET), and vesicular monoamine transporters 2 (VMAT2) mutant mice and in chronically cocaine-treated mice, PSD-95 protein level was found to be downregulated. At the synaptic level, the reduction of PSD-95 correlates with the enhanced long-term potentiation (LTP) in the fronto-cortico-accumbal glutamatergic synapses.
Targeted deletion of PSD-95 in mice enhances LTP, augments the acute locomotor-stimulating effects of cocaine, and prevents any further increase in locomotor response to cocaine following repeated administration. Two possible mechanisms could explain the PSD-95 on the regulation of psychostimulant responsiveness. First, PSD-95 may directly or indirectly associated with subtypes of dopamine receptors, which affects desensitization, trafficking, and signaling of dopamine receptors. Second, dopaminergic axon and glutamatergic axon may form a "synaptic triad" at postsynaptic dendritic spines in the striatum, which may be required for the converging and coordinating actions of the two afferent pathways. Lacking of PSD-95, which alters postsynaptic architecture, may change the interplay of the two systems, engaging the glutamate synapses to a state more responsive to DA modulation [5] . In PSD-95 knockout mice, both SKF81297, a selective D1 agonist, and amphetamine, an indirect dopamine agonist, elicited substantially larger and more prolonged locomotor activation [7] . These studies defined the inhibitory role for PSD-95 in D1 function and established an important role for PSD-95 in mediating the locomotor stimulant effects of both amphetamine and cocaine, two major drugs of abuse.
PSD-95 regulates D1 receptor surface expression and the intracellular trafficking. Like other GCPRs, the DA receptors are subject to desensitization, internalization and resensitization in response to agonist stimulation. Upon agonist stimulation, DA receptor is quickly desensitized, a process involving the receptor phosphorylation by protein kinases. The desensitized receptor is uncoupled from the cognate G-protein and internalized. The latter including the arrestinmediated recruitments of clathrin and the AP-2 complex to the activated receptors, and subsequent clathrin-mediated endocytosis [32] . The internalized receptors either go degradation in lysomes or recycle back to plasma membranes.
Previous work demonstrated that PSD-95-receptor interaction plays an inhibitory role in the agonist-induced internalization of respective receptor including NMDA [33] , β1 adrenergic [34] and serotonin 5-HT2A receptors [35] . In the case of D1 receptor, it was reported that PSD-95 enhanced D1 receptor internalization. This was found to be mediated by the dynamin-dependent endocytic pathway [7] . However, PSD-95 only accelerated D1 receptor turnover rate by shortening the time necessary for internalized receptor to return to membrane, since the D1 receptor density is not changed [8] . It is known that receptor endocytosis of desensitized GPCR is an initial step in the resensitization process that requires ligand-receptor dissociation and receptor dephosphorylation [36, 37] . The recovery of receptors at the membrane has been attributed to the synthesis and insertion of more receptors and to the recycling of endocytosed receptors [38] . In Sun et al.'s study [8] , co-transfection with PSD-95 did not alter D1 receptor protein synthesis, suggesting that PSD-95-accelerated D1 receptor recovery is independent of new receptor synthesis. However, the accelerated recovery of membrane D1 receptors was prevented by inhibition of the recycling pathway, indicating that receptor recycling is the predominant mechanism involved in the PSD-95-accelerated recovery of membrane D1 receptors following desensitization/ internalization [8] . Thus, PSD-95 enhanced plasma recovery of internalized D1 receptors, consequently, accelerating the D1 receptor resensitization. This is supported by the data showing that PSD-95 does not alter D1 receptor stimulation-mediated cAMP production and that PSD-95 and D1 co-expression results in an increased spontaneous internalization without change the density of plasma membrane D1 receptor in untreated cells [8] .
It is note that in one report showed that PSD-95 inhibits D 1 receptor-stimulated cAMP production in HEK-293 cells co-transfected with monkey D 1 receptor and PSD-95 [7] , which is in disagreement with that observation by a recent study [8] . However, the two studies have some differences in experimental details such as agonists used (DA/SKF38393 vs SKF81297) and receptor clones (human vs rhesus monkey D1). These differences may underlie the discrepancy between the two reports.
Although PSD-95 does not alter D1 receptor density in plasma membrane, however, it is interested to note that co-expressing PSD-95 and D1 receptor results in re-distribution of PSD-95 in HEK293 cells. We recently found that that D1 receptor co-expression increased PSD-95 relocation to plasma membrane (Fig.1) . 
Requirement of PSD-95 for physical and functional interplay between D1-NMDA receptor
NMDA receptors are ligand-gated ion channels composed of multiple subunits (NR1, NR2A-D, and NR3A-C) [39] . A remarkable property of NMDA receptor is its high permeability to Ca 2+ . Alteration of NMDA receptor-mediated Ca 2+ influx is reported to be involved in schizophrenia and in excitotoxic neuronal death associated with brain disorders such as stroke, epilepsy, and trauma [40] . D1 receptor and NMDA receptor are co-localized in several brain structures, including caudateputamen, nucleus accumbens, hippocampus, and prefrontal cortex [27, 41, 42] . The balance between dopamineergic and glutaminergic interaction is largely mediated by the cross talk between the D1 receptor and the NMDA receptor in postsynaptic neurons. In addition to the direct interaction of D1 receptor and NMDA receptor, the downstream signal molecules mediated by D1 receptor is found to regulate NMDA receptor function [43, 44] . Activation of D1 receptor was found to enhance NMDA receptor currents [45] and to induce rapid trafficking of intracellular NMDA receptors to the postsynaptic membrane, resulting in an enhancement of NMDA receptor function [46] . In the other hand, NMDA receptors also reciprocally regulate D1 activity through direct protein-protein interaction [31] . D1 receptor physical interaction with NMDA receptor facilitates D1 receptor trafficking to the cell surface and inhibits D1 receptor internalization [47] [48] [49] . Thus, activation of NMAD receptors recruits D1 receptors to the plasma membrane, which, in turn, facilitates the activity and surface targeting of NMDA receptors, and results in a positive feed-back loop. Without this balance control, it might lead to concomitant overactivation of both D1 and NMDA receptor, endanger the neuronal integrity and trigger neurotoxicity [50, 51] .
Recent information indicates that functional coupling between D1 and NMDA receptors depends on PSD-95. In addition to interaction with D1 receptor, PSD-95 interacting with NMDA receptor [52, 53] and regulating synaptic efficacy are well documented [3, 4, [54] [55] [56] [57] [58] . It was found that PSD-95 is required for D1 receptor-modulated NMDA receptor function， D1 receptor fails to modulate NR1a/NR2B receptor-mediated Ca 2+ influx unless PSD-95 is co-expressed with D1 receptor and NR1a/NR2B receptor [6] , suggesting that PSD-95 plays an important role in D1-NMDA receptor interaction and mutual modulation.
Moreover, PSD-95 was recently found to inhibit D1-NMDA receptor association and to attenuate the NMDA receptor-dependent enhancement on D1 signaling, this leads to the interruption of the D1-NMDA receptor positive feed-back loop [9] . PSD-95, D1, and NMDA receptors form a multiprotein complex, in which PSD-95 inhibits the physical association between D1 and NMDA receptors and thus modulates the functional interaction between the two receptors. PSD-95-mediated inhibition may provide an effective means to weaken the constitutive D1-NMDA receptor association and to prevent overactivity of DA and/or glutamate [9] .
Conclusions and future direction
Like other neurotransmitter receptors, D1-like and D2 receptors were also found to physically interact with PSD-95 in vitro and in vivo. The physically interaction is mediated through NH2 terminus of PSD-95, which is different from PDZ domain-mediated interactions between PSD-95 and other neurotransmitter receptors such as NMDA, 5-HT receptors. The underlined implication for the difference involved in structure domains of PSD-95 interacting receptors remains unknown. Functionally, PSD-95 accelerates the rate of D1 receptor recycling and resensitization without change the D1 receptor density in plasma membrane. This may represent a potential mechanism for the regulation of postsynaptic membrane D1 receptors in response to the pulse release of DA from nerve terminals. PSD-95 accelerates D1 receptor recycling back to the plasma membrane, thus shortening the time of desensitized/internalized receptor recovery. This process may be particular important for keeping adequate D1 receptor in the postsynaptic area in any given time to receive pulse DA release from presynaptic terminals.
Altered PSD-95 expression and distribution are documented in some neurological and psychotic disorders [14] [15] [16] . For instance, redistribution of PSD-95 was reported in levo-DOPA-induced dyskinesia (LID) in PD animals [59] . Development of LID is believed to attribute to DA receptor supersensitization in PD followed DA replacement. How altered PSD-95 contributes to altered DA receptor functions in LID remained to be studied. Moreover, decreased PSD-95 expression was also reported in schizophrenia animal [16] . Accordingly, dysfunction of D1 receptor in prefrontal cortex was also documented in schizophrenia animals [60] [61] [62] [63] . Further investigation need to be carried out to define the role of the altered PSD-95 in prefrontal cortical D1 receptor functional impairment in schizophrenia. In addition to D1 receptor, PSD-95 was also found to physically associate with another D1-like receptor, D5, and D2 receptor, the functional implications in physiology and diseases for this interaction are worth of further investigation.
PSD-95 also acts as a molecular brake for the positive D1-NMDA receptor feedback. Presence of PSD-95 in D1/NMDA receptor complex places a physical and functional barrier between the receptors by weakening their association. As a result, D1-mediated cAMP signaling enhanced by NMDA receptor stimulation is dampened, enhanced NMDA receptor activity stimulated by activation of D1 receptor is suppressed, and the positive D1-NMDA receptor feedback is ultimately antagonized. The future studies should focus on the precise mechanism and pathological implications for PSD-95-mediated D1 and NMDA functional coupling. Moreover, target to PSD-95 in modulation the interaction between PSD-95 and DA/NMDA receptor or other neurotransmitter receptors may provide a potential new strategy for drug discovery for neuropsychotic disorders. 
